-indethe exception that the syntaxin fragment was truncated at residue 253. Analysis by SDS-PAGE showed that stoipendent manner. To gain further insights into how complexins function, we have studied the interaction of comchiometric amounts of these fragments assemble almost quantitatively into an SDS-resistant complex, and plexin 1 with the SNARE complex at atomic resolution using a combination of NMR spectroscopy and X-ray thermal melting experiments monitored by circular dichroism showed that this complex denatures above crystallography. Our results show that complexin binds in an antiparallel, ␣-helical conformation to the groove 90ЊC (data not shown), similarly to nontruncated versions of the SNARE complex (Fasshauer et al., 1997 Figure 1A , black contours) exhibits poor chemical shift dispersion due to the absence of tertiary structure, as observed for full-length complexin (Pabst et al., 2000). Upon addition of the unlabeled minimal SNARE complex, we observed a striking dispersion of a subset of the complexin cross-peaks ( Figure  1A , red contours), which were generally broader than less perturbed cross-peaks. This dispersion and broadening effects arise from the formation of quaternary contacts between a specific region of Cpx26-83 and the SNARE complex. A practically superimposable spectrum was obtained when 2 H, 15 N-labeled Cpx26-83 was bound to a SNARE complex with a full syntaxin SNARE motif ( Figure 1B) , further demonstrating that complexin binding is not affected by the C-terminal truncation of the syntaxin SNARE motif (note that the more severe broadening observed in this spectrum is expected due to the tendency of the nontruncated SNARE complex to aggregate). Thus, all further analysis was performed using the minimal SNARE complex with the truncated syntaxin SNARE motif.
Assignment of most of the backbone resonances of Cpx26-83 bound to the SNARE complex showed that the well-dispersed, broader conclusion that only part of the Cpx26-83 sequence is sought to crystallize the Cpx26-83/SNARE complex. Crystals that diffracted to a d min of 2.5 Å were grown in directly involved in binding. An additional interesting 27% isopropanol at pH 7.5. This crystal form contains observation from these experiments was that residues only one complexin/SNARE complex in the asymmetric surrounding R56 of synaptobrevin and Q226 of syntaxin unit. In contrast, the crystals of the isolated SNARE exhibit unusually broad resonances, some of which cancomplex contained three complexes in the asymmetric not be detected under the conditions of our NMR experiunit (Sutton et al., 1998 ). This observation is consistent ments. While most of the interior of the SNARE complex with the decreased tendency to aggregate caused by is hydrophobic, these two residues and two glutamines the C-terminal truncation of the syntaxin SNARE motif. from SNAP-25 form a central polar layer whose role
The crystal structure of the complexin/SNARE complex is highly unclear (Sutton et al., 1998). The resonance was solved by molecular replacement using as a model broadening observed in this region suggests a chemical the structure of an isolated SNARE complex and has exchange process that may reflect a tendency of the been refined to a d min of 2.5 Å . A section of the electron-SNARE complex to locally unfold around the polar layer. density map is shown in Figure 4 , and the structural statistics are described in Table 1 Figure 5A) . Surprisingly, the complexin helix is oriented in an antiparallel fashion with and syntaxin, while the N-terminal end of the helix does not directly contact the SNARE complex. This observarespect to the four helices formed by the SNARE motifs. A superposition of the four SNARE motifs within the tion further confirms the conclusion that the N-terminal part of Cpx26-83 has an unusual ability to form a stable complexin/SNARE complex with those of the isolated SNARE complex ( Figure 5B) shows that complexin bind-␣-helical conformation even in the absence of tertiary or quaternary contacts. Note that there are no lattice ing causes minimal structural changes. Indeed, the rms contacts in the crystal that could influence the conforsynaptobrevin, including a hydrogen bond with the D64 side chain, while Y70 is involved in extensive contacts mation of the complexin helix observed in our structure.
A summary of the most important interactions that with syntaxin, forming a hydrogen bond with D218. The three arginine residues of complexin form salt bridges mediate binding of complexin to the SNARE complex is shown in Figure 6 . Binding buries 1,666 Å 2 of solventwith three aspartate residues from synaptobrevin (D57, D65, and D68) and are also involved in hydrophobic accessible surface area between complexin and the SNARE complex and involves an intricate network of interactions. Residues M62 and I66 from complexin, V50 and L54 from synaptobrevin, and M215, L222, and M229 hydrophobic, hydrogen bonding, and ionic interactions between residues 48-70 of complexin and the sefrom syntaxin participate in additional hydrophobic interactions, while a lysine residue from complexin (K69) quences encompassing residues 47-68 of synaptobrevin, and residues 214-232 of syntaxin. Thus, comforms another salt bridge with an aspartate residue from syntaxin (D218). plexin binding covers the central polar layer of the SNARE complex. Two tyrosine (Y52 and Y70) and three
The observation that the N-terminal part of the complexin helix is "hanging" isolated without making conarginine residues (R48, R59, and R63) from complexin appear to be critical for binding to the SNARE complex.
tacts with the SNARE complex ( Figure 5D ) is a particularly striking feature of the crystal structure. The The side chain of Y52 makes extensive contacts with the crystals is provided by the finding that most of the well dispersed cross-peaks from Cpx26-83 bound to the SNARE complex ( Figure 1A ) correspond to the region that makes quaternary contacts in the crystal structure and by the observation of a remarkable similarity between the N-terminal chemical shifts of Cpx26-83 bound to the SNARE complex and those of the same region in isolated complexin (see above).
Complexin Binding Stabilizes the SNARE Complex
Formation of the synaptobrevin/syntaxin interface during SNARE complex assembly is strongly opposed by the repulsive forces between the synaptic vesicle and plasma membranes. The structure of the complexin/ SNARE complex suggests that complexin may act as a "tape" that seals this interface and stabilizes the assembled SNARE complex. Testing this hypothesis is difficult because the SNARE complex is extremely stable in the absence of the repulsive forces between the membranes. Thus, the SNARE complex is SDS resistant (Hayashi et al., 1994) and can only be denatured at high temperatures (more than 90ЊC; Fasshauer et al., 1997) or in saturating concentrations of urea or guanidinium chloride. These harsh conditions disrupt the complexin/ SNARE complex interaction before they have any effect on the SNARE complex and, consequently, complexin . This result is due at least in part to the existence of quaternary contacts between complexin and residues absence or presence of Cpx26-83, and a summary of the amide protons that were still observable is shown 47-68 of synaptobrevin, which should hinder local unfolding in this region. However, the observation that in Figure 7C . The protection factors estimated for these amide protons are approximately 10 7 or larger. Such additional C-terminal residues beyond the binding region also become protected upon complexin binding protection factors indicate a remarkable resistance to local unfolding, considering the fact that there is a subshows that the stabilization caused by complexin propagates toward the C terminus of the SNARE complex. stantial amount of solvent-accessible surface area along the whole synaptobrevin helix even after complexin Note that the strong protection observed for F77 is amazing since this residue is very close to the C-terminal binding.
The deuterium exchange experiments performed with end of the SNARE complex (see white arrow in Figure  5D ) where the natural tendency of the complex to fray the isolated SNARE complex showed that, as expected, the least protected regions of the synaptobrevin SNARE at the termini is likely increased by the truncation of the syntaxin SNARE motif. This observation indicates that motif correspond to both the N termini and C termini since local unfolding should more easily originate at the extremely tight contacts between synaptobrevin and syntaxin/SNAP-25 exist at the C terminus of the SNARE ends of the complex. These experiments also showed that a region N-terminal to the polar layer (residues complex. Such contacts are close to the site of membrane merger and may be critical to pull the membranes 42-54 of synaptobrevin) is highly protected against exchange ( Figures 7A and 7C at sequences closer to the polar layer, and such events Our NMR and X-ray data show that, upon binding of complexin to the SNARE complex, the backbone strucare prevented by complexin binding. Thus, our results reveal unsuspected dynamic aspects of the SNARE ture of the four-helix bundle formed by the SNAREs is not altered, and most of the Cpx26-83 sequence forms complex and demonstrate that complexin binding indeed stabilizes the interface between synaptobrevin and a straight ␣ helix that ends abruptly at a helix-breaking residue (Gly71). Surprisingly, however, the interaction syntaxin.
involves only residues 48-70 of complexin. The N-terminal part of Cpx26-83 does not make direct contact Discussion with the four-helix bundle. Our previous NMR studies had shown that, in isolated complexin, the N-terminal Extensive studies of the neuronal SNARE proteins have part of residues 26-83 forms a remarkably stable ␣ helix, led to a working model for their function in neurotranswhile the C-terminal part exhibits a much lower populamitter release whereby formation of the highly stable tion of helical conformation (Pabst et al., 2000) . Thus, SNARE complex drives the synaptic vesicle and plasma this N-terminal sequence seems to be designed to indimembranes together. However, the steps that lead to rectly increase the affinity of the interaction by helping to neurotransmitter release and the functions of additional nucleate a helical conformation toward the C terminus, proteins that are critical for this process are still poorly where residues with a lower helical propensity are optiunderstood. Among these proteins, complexin is particmized for binding to the synaptobrevin/syntaxin interularly intriguing because of its tight interaction with the face. The resulting complex cannot be considered a assembled SNARE complex (McMahon et al., 1995) . Prefive-helix bundle since there is no symmetrical relation vious studies had highlighted the importance of combetween the five ␣ helices, but, rather, reflects a recogniplexin for neurotransmitter release and for survival itself tion event between a partially induced ␣ helix and a (Reim et al., 2001 ) and had yielded important clues on groove within a four-helix bundle. Such recognition inhow this protein interacts with the SNARE complex volves multiple ionic, hydrogen bonding, and hydropho- (Pabst et al., 2000) . However, it was difficult to reconcile bic interactions along the center of the synaptobrevin/ the observation that the complexin/SNARE complex insyntaxin interface, suggesting that complexin seals this teraction is Ca 2ϩ independent with the selective deinterface acting like a "tape". crease in Ca 2ϩ -evoked neurotransmitter release obThe structure of the complexin/SNARE complex proserved in complexin knockout mice. Taking advantage vides a framework to understand the function of comof the different strengths of X-ray crystallography and plexin in combination with the available biochemical and NMR spectroscopy, the studies of the complexin/ genetic data. One model proposed recently suggested SNARE complex described here yield a structure at that complexin induces SNARE complex oligomerizaatomic resolution of a SNARE-interacting protein bound tion by reshuffling the two SNARE motifs of SNAP-25 to the core complex and bring insights into the function into separate SNARE complexes and that cysteine resiof this protein. Our results provide a detailed picture of dues in the loop connecting the two SNARE motifs were how complexin binds in an antiparallel ␣-helical conforinvolved in the oligomerization (Tokumaru et al., 2001 ). mation to the groove between synaptobrevin and synHowever, this model seems highly unlikely since: (1) the taxin and stabilizes the interface between these two model assumed that complexin would cause a structural SNAREs that bears the repulsive forces between the apposed membranes.
change in the SNARE complex and no such change was observed from our NMR and X-ray data, (2) -depenmitter release require a protein such as complexin as dent neurotransmitter release. opposed to other types of intracellular membrane fusion Clearly, alternative models of complexin function can that do not require complexin? be proposed. For instance, full SNARE complex assemModels where the SNARE complex assembles in differbly might occur only after Ca 2ϩ influx, and stabilization ent steps starting at the N terminus and "zippering up" of the fully assembled SNARE complex by complexin toward the C terminus have been proposed previously in binding could extend its half-life, thereby increasing the different contexts (e.g., Geppert and Sü dhof, 1998; Fieprobability of membrane fusion. Whether the stabilizabig et al., 1999; Xu et al., 1999). Such models are inspired tion effect occurs before or after Ca 2ϩ influx, it is temptby the natural assumption that assembly of the C-terminal ing to speculate from our model that regulation of the part of the SNARE complex should be the last step in levels of expression of complexin could provide a mechattracting the membranes together. Our deuterium exanism to regulate the efficiency of Ca 2ϩ -evoked neurochange data indicate that the N-terminal half of the transmitter release during processes of presynaptic SNARE complex is indeed highly stable, and, hence, it plasticity that may underly information processing in the is easy to envision that this N-terminal half can initially brain. The structure of the complexin/SNARE complex assemble while the C-terminal half remains unengaged described here now provides a framework to test these because of repulsion between the membranes. Full models and to rationalize further studies of the function SNARE complex assembly may lead to a metastable of complexin and the SNAREs. state that perhaps involves membrane hemifusion. Constitutive membrane fusion may occur in a probabilistic The complexin/SNARE complex structure was solved via molecular SNARE motifs, followed by an overnight incubation and extensive replacement using the program AMORE (Navaza, 
